In recent years, platelets are reported to promote liver, as well as bone regeneration and dermal wound healing. Platelets are required not only for thrombocytopenia treating but also for regenerative therapy. Platelets cannot be stored beyond three days, therefore, shortage of fresh platelets sometimes occurs. To preserve platelets for a long duration without degrading growth factors, a freeze-dried technique is required. We report here that platelets can be preserved by freeze-drying, using a programmed freezing method to avoid intracellular ice crystal formation. Freeze-dried platelets kept their morphological countenance and response with the agonist of thrombin was well maintained. Freeze-dried platelets stored adenine nucleotides, PDGF, and IGF-1 the same as those of fresh platelets. Freeze dried platelets also preserved their proliferative effect on hepatocytes identical to that of fresh platelets. These results of our study suggest that freeze dried platelets will obviate the storage problem of fresh platelets.
INTRODUCUCTION
Blood platelets are generally stored in blood banks for 3-5 days, afterwards they are discarded. This results in the problem of a chronic shortage of fresh platelets. To preserve platelets for a long period without degrading growth factors, a freeze dried technique is required, and several researchers have reported on the methods to make freeze-dried platelets [1] [2] [3] [4] [5] [6] . Bode et al. reported that platelets freeze-dried after stabilization with paraformaldehyde preserved their morphology, adhesive property and procoagulant property [4] . Wolkers and Crowe reported that human platelets loaded with trehalose survive freeze drying [5] .
A number of different growth factors are known to be included in the alpha granules of platelets; such as platelet derived growth factor (PDGF), hepatocyte growth factor (HGF), epidermal growth factor and insulin like growth factor 1 (IGF-1) [7, 8] .
No previous studies have mentioned growth factor content in the freeze dried platelets.
Many studies, both in vitro and in vivo, have disclosed the effectiveness of several growth factors that can enhance hepatocyte proliferation in the regenerating liver [9] [10] [11] [12] .
We and other researchers revealed that platelets stimulate or accelerate hepatocyte proliferation [13] [14] [15] . Platelets also contribute to bone regeneration [16] and dermal wound healing [17] .
The purpose of this study is to preserve platelet shapes and to maintain contents of growth factors inside platelets when making freeze dried platelets (FDPs). And we also reveal that FDPs stimulate hepatocyte proliferation. 
MATERIALS AND METHODS

Animals
Eight-week-old male BALB/c mice (Clea, Japan), weighing 24 to 28g, were used for experiments. The animals were kept in a temperature-controlled room on a 12 hour light-dark cycle. They had free access to water and standard chow throughout the experiment. After an acclimation period of at least 7 days, the mice were used for collecting platelets. All experiments complied with the Guidelines for Care and Use of Laboratory Animals of the University of Tsukuba.
Platelet collection
Under ether anesthesia, 1 ml of blood was taken from the heart with a 1 ml syringe adding 0.1 ml heparin. After centrifugation at 200 g for 10 minutes, platelet rich plasma was obtained. This platelet rich plasma was then centrifuged again at 1000 g for 15 minutes, and the pellet was suspended with citrate buffer which consisted of 120 mM NaCl, 4.26 mM NaH2PO4, 5.5 mM sodium citrate, 2.35 mM citrate acid. After washing, the platelets were centrifuged at 1000 g for 15 minutes at 4˚C.
Freezing and Freeze-Drying Procedure
Washed platelets were suspended with lyophilization buffer which consisted of 120 mM NaCl, 4.26 mM NaH2PO4, 5.5 mM glucose, 4.77 mM sodium citrate, 2.35 mM citric acid and 1% bovine serum albumin. Typically, 0.5 ml platelet suspensions were transferred in 2 ml cryogenic vials and frozen in Ice Cube 1810 (SY-LAB VmbH, Purkersdorf, Austria). Vials were frozen from 20 to -50°C at a freezing rate of -1°C/min.
When vials reached -9°C, they were suddenly frozen to -50°C at a freezing rate of -60°C/min, kept at -50°C for three minutes, warmed to -20°C at a freezing rate of 15°C/min, and finally returned to a freezing rate of -1°C/min by a programmed freezing 
Rehydration of FDPs
FDPs were washed three times with phosphate buffered saline before prehydration. FDPs were prehydrated in a closed box with moisture-saturated air at 37°C for 2 hours prior to rehydration. Vials that originally contained 0.5 ml platelet suspension were rehydrated to platelet free murine plasma.
Transmission Electron Microscopy
FDPs were rehydrated with platelet free plasma and the specimens were fixed in 
Fibrinogen binding assay
After rehydration, FDPs were labeled with monoclonal antibody Alexa Fluor 488 (Invitrogen Co, Carlsbad, CA). Excess of the antibody was removed by repeated 
Enzyme-Linked Immunosorbent Assay for HGF, PDGF, and IGF-1
In the present study, to quantify the amount of PDGF and IGF-1, commercially available Quantikine ELISA kits (R&D Systems, Minneapolis, MN) and the Rat specific HGF ELISA kit (Institute of Immunology, Tokyo, Japan), which cross reacts with mouse HGF, were used. In each growth factor 4 to 6 samples were assayed.
Primary hepatocytes
Eight-week-old male BALB/c mouse hepatocytes were obtained by a collagenase perfusion method [19] . Hepatocytes were cultured in two groups: platelet (-) group:
hepatocytes cultured without platelets; and FDP group; hepatocytes cultured with FDPs.
BrdU assay
Hepatocyte proliferation was evaluated using the BrdU assay kit (Roche Diagnostics GmbH, Pezberg, Germany) according to the manufacture's instructions.
Briefly, primary hepatocytes were seeded in culture plates. Then, FDPs suspended in serum-free William's E medium at various concentrations were added to each well.
After incubation at 37°C for 48 hours BrdU uptake was measured. 
Statistical Analysis
All data were expressed as the mean ± standard deviation. Statistical analyses were carried out with Mann-Whitney U-test and one-way ANOVA followed by Bonferroni-Dunn multiple comparisons post hoc test. A P value <0.05 was considered significant.
RESULTS
FDPs procedure with programmed freezing
At a temperature of -9°C, ice crystal formation was induced in platelets, and as a result, it released energy known as the heat of crystallization ( Figure 1A ). To avoid this heat of crystallization, we used programmed freezing for making FDPs. Using programmed freezing, the temperature around the platelets was decreased suddenly to -50°C, without releasing heat of crystallization ( Figure 1B) . Figure 2 shows the sample temperature and freeze-dryer pressure profiles after freeze-drying. The precise water volume of FDPs was 3.8%.
Transmission electron microscopical findings
Transmission electron microscopy showed that FDPs were swollen but cellular membrane and internal granules were preserved ( Figure 3A ). Figure 3B shows intact fresh platelet. FDPs without using the programmed freezing method are shown in Figure 3C . These FDPs made heat of crystallization as shown in Figure 1A .
Coagulation ability of FDPs
The coagulation response of FDPs by 10 U/ml of thrombin was almost identical to that of control platelets measured by fibrinogen binding assay ( Figure 4A, 4B ). Figure 4C shows the ratio of thrombin coagulation/natural coagulation. There was no significant difference between fresh platelets and FDPs. Coagulation of FDPs and fresh platelets were suppressed by citrate addition (data not shown).
ATP, ADP, and AMP in FDPs
The intracellular energy of FDPs and fresh platelets is shown in Table 1 . There was no significant difference in ADP and AMP between FDPs and fresh platelets. ATP of FDPs was slightly decreased but still contained 75% of fresh platelets. Energy charge is one of the indexes of the energy status of cells. There was no significant difference of energy charge between fresh platelets and FDPs. The intracellular growth factors of FDPs and fresh platelets are shown in Table 2 .
Growth factors in FDPs
IGF-1 was decreased in FDPs compared to control with significant difference, but 62% of IGF-1 was still present in FDPs. PDGF was significantly increased in FDPs compared to fresh platelets. HGF was not detected in either control or FDPs in 10 8 of platelets.
Proliferation effect of primary cultured hepatocytes
We examined whether exogenous FDPs might stimulate the DNA maturation of the primary cultured hepatocytes. Effectively, FDPs induced a stimulatory effect on the DNA maturation of the primary cultured hepatocytes cultured in serum free conditions examined by BrdU assay and [ 3 H]-thymidine uptake assay. This effect was recognized in proportion to the dose of FDPs ( Figure 5A and Figure 5B ).
DISCUSSION
In this study we established a new method of making FDPs maintaining the countenance and viability. We used a new program to freeze the chamber suddenly to -50°C for 3 minutes then freezing at a slow rate at about -20°C to avoid making heat of crystallization. This program maintained the structure of FDPs better than normal cooling method. In our study, fibrinogen binding assay revealed that FDPs could react to the agonist thrombin like fresh platelets. In our FDPs, adenine nucleotides, energy charge, and growth factors; i.e. PDGF, and IGF-1; were almost identical to those of fresh platelets. Further, we indicated that FDPs promoted proliferation of hepatocytes when seeded together.
Human blood platelets are stored in blood banks at 22°C for only 3 days. After this safety period, risk of bacterial infection with platelet transfusion increases. Blood The levels of ATP and IGF-1 in FDPs were lower than those of fresh platelets.
On the other hand, PDGF in FDPs is higher than control. In our previous study, intra-platelet IGF-1 was important in the proliferation of hepatocytes [15] . ATP is also reported to promote hepatocyte proliferation [21] . In the preliminary study the hepatocyte DNA maturation activity measured by [ 3 H]-methyl thymidine uptake revealed that FDPs are less effective than fresh platelets (data not shown). One of the reasons is that the contents of IGF-1 and ATP were less than those of fresh platelets.
Therefore, establishing a well-developed method is required for the maintenance of IGF-1 and ATP. For bone regeneration therapy in the dental field, PDGF is the most important growth factor [22] [23] [24] [25] [26] . Actually, dentists use platelet rich plasma and bone mixture for implanting in mandibular bone for quick bone regeneration [27] . Our FDPs would be applicable for substitution of PRP in implantation treatment.
In conclusion, we reported a novel method of making freeze-dried platelets by using a programmed freezing method of preventing heat of crystallization. The FDPs in our study contained ATPs and growth factors and promoted hepatocyte proliferation.
Freeze-dried platelet would be an effective novel agent not only for thrombocytopenia but also for bone and liver regeneration. Further study in animal models will be necessary for application of FDPs to liver disease in clinical use. When vials reached -9°C, they were then suddenly frozen to -50°C at a freezing rate of -60°C/min, kept at -50°C for three minutes, warmed to -20°C at a freezing rate of 15°C/min, and finally returned to a freezing rate of -1°C/min by a programmed freezing method for prevention of making heat of crystallization.
Figure 2
The sample temperature (dotted line) and freeze drying pressure (solid line) are indicated. Samples were kept for more 11 hours at 4 mTorr and 26.8°C.
Figure 3
Transmission electron microscopical findings of FDP (A), fresh platelet (B), and FDP without using the programmed freezing method (C). Magnification x 30, 000.
FDPs were slightly swollen compare to fresh platelets, but cellular membrane and intracellular granules were preserved. Destruction of the native structure; i.e., destruction of cellular membrane and organelle; was observed in FDPs when the programmed freezing method was not used. Whitney-U test.
